To the contrary, several major disadvantages and principal limitations are: 1, 2 (1) Complex, on-line chemistry involved, (2) specific sample pretreatment required, (3) effect of oxidation and binding state of analyte, (4) chemical interferences, (5) foaming and aerosol formation, (6) numerous instrumental and chemical parameters for optimization, (7) applicability to a limited number of analytes, (8) limited linear ranges and (9) poor multi-element capabilities.
The present author and his research group have investigated some gas-phase sample-introduction methods by analytical atomic spectrometry, including inductively coupled plasma-mass spectrometry (ICP-MS) over the last 30 years. The obtained results will be reviewed in terms of hydride generation, cold-vapor generation of mercury, analyte volatilization reactions for some non-metallic elements and miscellaneous in the following chapters.
Gas-Phase Sample-Introduction Methods

2·1 Hydride generation
The hydride generation technique is one of the most useful gas-phase sample-introduction methods. For comprehensive informations on hydride generation, the following reviews and books are available in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] A wide variety of reducing agents were investigated for use in hydride generation in the early stages, but the facile production of hydrides by reaction with sodium tetrahydroborate(III) (sodium borohydride, NaBH4) is now almost universally used for the generation of hydrides, as shown in the following equation: NaBH4 + 3H2O + HCl → H3BO3 + NaCl + 8H  E m+ → EHn + H2(excess),
where E is the hydride-forming element of interest and m may or may not equal n. Here, only the detection limits for hydride generation techniques as well as those for conventional solution nebulization are summarized in Table 2 . 7 In the early stage of this investigation, for the high-efficiency atomization of hydrides of such hydride-forming elements as arsenic and selenium, whose most sensitive lines lie an ultraviolet spectral region below 200 nm, a long-path slot burner of a new type, one which permits low flame absorption (i.e., high-transparent flames) below 200 nm and various flames to burn, was designed and constructed for flame AAS. This burner is shown in Fig. 1 , and has been named a "multi-flame" burner. 11 This burner can be used to produce various flames, such as air-acetylene, dinitrogen oxide-acetylene, air-hydrogen, dinitrogen oxide-hydrogen, argon(entrained air)-hydrogen and nitrogen(entrained air)-hydrogen flames. Especially the latter two flames have low flame temperatures (approximately 1000 K) as well as low background absorption at shorter wavelengths below 200 nm. In addition, these low-temperatures flames are very useful to atomize relatively volatile elements, such as arsenic and selenium. 12, 13 As a result, the production of a lowtemperature flame, like an argon(entrained air)-hydrogen flame, encouraged the appearance of the same kind of burners in the marketplace. Since then, a new continuous-flow hydride generation AAS systems by using the developed lowtemperature flame as well as electrothermal atomization in a heated quartz cell have been proposed and examined for the determination of arsenic (DL of 0.5 ng/ml at 193.7 nm), lead (DL of 1 ng/ml at 283.3 nm), and tellurium (DL of 1 ng/ml at 214.3 nm), 14 antimony (DL of 2 ng/ml at 217.0 nm), tin (DL of 2 ng/ml at 286.3 nm), selenium (DL of 1 ng/ml at 196.0 nm), and bismuth (DL of 0.5 ng/ml at 223.1 nm), 15 and germanium (DL of 10 ng/ml at 265.1 nm). 16 The proposed method has been successfully applied to the determination of the abovementioned elements in many practical samples. [11] [12] [13] [14] [15] [16] Furthermore, some results of these studies were based on the development of a commercially-available AAS instrument by a Japanese manufacturer.
In atomic fluorescence spectrometry (AFS), highly efficient microwave-excited electrodeless discharge lamps as excitation light sources were not commercially available, and were thus prepared in-house by using a newly constructed vacuum line system, shown in Fig. 2 . 17 In addition, a new type of burner, similar to the "multi-flame" burner mentioned already and shown in Fig. 1 has been designed and constructed. It was not a long-path type, but a circular burner of nitrogen-sheathed type, which can also produce low-temperature argon(entrained air)-and nitrogen(entrained air)-hydrogen flames, especially for AFS measurements. A unique dispersive and non-dispersive AFS system has been proposed and constructed in this laboratory, and its non-dispersive system coupled with hydride generation technique is shown in Fig. 3 . 18 The inset (Fig. A) of Fig. 3 temperature flames used in AFS. 18 It should be stressed here that the non-dispersive AFS system can afford much higher sensitivities for all of the hydride-forming elements examined than the corresponding dispersive one. This newly developed instrumentation, particularly with a non-dispersive system, has been with success utilized for the determination of arsenic in waste water with a DL of 0.1 ng/ml, 18, 19 antimony in phosphoric acid, waste water and lead metals with a DL of 0.025 ng/ml, 20, 21 bismuth in aluminum-base alloys and sulfide ores with a DL of 5 pg/ml, 22, 23 selenium in waste water, flour, flounder, swordfish, tuna and phosphoric acid with a DL of 15 pg/ml, [24] [25] [26] tellurium in high-purity copper metals with a DL of 100 pg/ml, 27, 28 lead with a DL of 2 ng/ml 29 and tin in low-alloy steel with a DL of 0.6 ng/ml. 30 The results of such a number of investigations [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] have been a pioneering study done for non-dispersive AFS combined with the hydride generation method in Japan.
The combination of the hydride generation technique with inductively coupled plasma (ICP) for atomic emission spectrometry (AES) has been investigated for the determination of trace hydride-forming elements. After the design and construction of a continuous-flow hydride generation-ICP AES system, the proposed method was successfully applied to the determination of arsenic in waste water with a DL of 0.5 ng/ml at 193.7 nm, 31 tin in low-alloy steel, copper-nickel alloy, orchard leaves, wheat flour and rice flour with a DL of 0.05 ng/ml at 190.0 nm, 32 selenium in high-purity copper metals, wheat flour and bovine liver with a DL of 0.6 ng/ml at 196.0 nm, 33 antimony in waste water and high-purity copper metals with a DL of 0.18 ng/ml at 206.3 nm, 34, 35 bismuth in waste water, high-purity copper metals, aluminum alloys and geological reference standard materials with a DL of 0.35 ng/ml at 223.1 nm 36 and germanium in iron meteorites with a DL of 63 pg/ml at 265.1 nm. 37 In addition to a single-element determination already described, some simultaneous multielement determinations of arsenic, bismuth and antimony 38 and an example of inorganic speciation for antimony (Sb 3+ and Sb 5+ ) 35 were developed for the analyses of steels and wastewater samples, respectively.
As an alternative to the well-known Beenakker cavity, 39 Surfatron 40 and microwave torch 41 for the production of microwave-induced plasma (MIP), Okamoto 42, 43 has developed a new cavity-torch arrangement able to obtain a doughnutshaped high-power nitrogen-MIP, physically similar to an argon ICP. This so-called "Okamoto cavity" was originally designed as an ionization source only for mass spectrometry. The present author's group designed and constructed a new instrumentation of AES by use of a high-power N2-MIP produced with the Okamoto cavity as an excitation source for atomic emission 479 ANALYTICAL SCIENCES MAY 2005, VOL. 21 spectrometry (AES), and then combined a high-power N2-MIP AES system with the hydride generation technique for the determination of some hydride-forming elements. A schematic diagram of the developed high power N2-MIP-AES coupled with continuous-flow hydride generation technique is shown in Fig. 4 . [44] [45] [46] After some characteristics of an annular-shaped high-power N2-MIP had been fundamentally examined, a number of successful applications of the high power N2-MIP-AES with the continuous-flow hydride generation method were carried out for the single-element determination of arsenic, 44, 45 selenium, 45 antimony, 46,47 tellurium, 48 bismuth, 49 lead 50 and tin. 51 Moreover, the same technique was extended for the simultaneous multi-element determination of two (arsenic and antimony, 52 and bismuth and tellurium)-, 53 three (arsenic, antimony and bismuth)-, 54 and four-elements (arsenic, antimony, bismuth and selenium). 55 After studying the effects of diverse elements, the present method was successfully applied to the determination of trace concentrations of the "sweep" gas flow; B, "by-pass" gas flow. The inset (Fig. A) is a newly constructed burner for lowtemperature flames used in atomic fluorescence spectrometry with premixed argon(entrained air)-and nitrogen(entrained air)-hydrogen flames. 1, Cooling water; 2, sheath gas; , ceramic plate; a, O-rings. Fig. 4 Schematic diagram of the high-power N2-MIP-AES system coupled with hydride generation. A, Microwave power supply; B, microwave generator; C1, C2, tapered wave guide; D, uniline; E, direction coupler; F, three-stub tuner; G, copper pipe; H, lens; I, monochromator; J, photomultiplier; K, highvoltage power supply; L, computer; M, printer; N, nitrogen tank; O, argon tank; P, gas controller; Q, plasma gas; R, carrier gas; S, sample solution for nebulization; T, carrier gas and sample aerosol or hydride; U, nebulizer; V, nebulizer chamber; W, waste; X, three-way stopcock; Y, sample solution for hydride generation; Z, NaBH4 solution; a, peristaltic pump; b, mixing joint; c, gas-liquid separator; d, drying flask; e, cavity; f, plasma; g, discharge tube (plasma torch).
above-mentioned hydride-forming elements in steel. The obtained DLs for single-and multi-element determination by the proposed method are summarized in Table 3 . For more comprehensive information on the proposed technique, typical review articles 56, 57 are available in the literature. The combination of the hydride generation method with inductively coupled plasma mass spectrometry (ICP-MS) has been satisfactorily applied to the simultaneous multi-element determination of low concentrations of arsenic, bismuth and antimony in steel samples. 38 The hydride generation procedure has also been expanded to the evolution of volatile species, possibly atoms or hydrides of some gaseous species-forming elements, e.g., several transition and noble metals, by using almost the same instrumentation as that for the "classical" hydride-forming elements.
58,59
The present author's team has reported some results on the determination of copper in steel by ICP-AES, 60 cadmium in polyethylene by ICP-AES and electrothermal atomization (ETA)-AAS 61 and silver in steel by ETA-AAS. 62 Thus, due to a great number of publications on the application of the hydride evolution method to all branches of analytical atomic spectrometry, the present author has been nicknamed "Dr. Hydride" at some international conferences and symposiums on analytical atomic spectrometry for a long time.
2·2 Cold-vapor generation of mercury
Mercury is the only metallic element that has a vapor pressure as high as 0.0016 mbar (0.16 Pa) at 20˚C, which corresponds to a concentration of approximately 14 mg/m 3 of atomic mercury in the vapor phase. The possibility thus exists of determining mercury directly by AAS and AFS without an atomizer. The element must merely be reduced to the metal from its compounds by either tin(II) chloride or sodium tetrahydroborate(III) as a reductant, and transferred to the vapor phase. Here, for example, a reaction for the generation of metallic mercury vapor by using tin(II) chloride is shown in the following Eq. (2): Hg 2+ + Sn 2+ → Hg 0 + Sn 4+ (2) This procedure is termed the "cold-vapor technique". This unique property led many workers to attempt the determination of mercury, even at an early stage in the development of element analysis. In this laboratory, several attempts have been made to develop a sensitive determination of mercury by analytical atomic spectrometry with the cold-vapor generation technique. At an early stage of MIP-AES using the Beenakker-type cavity, the same type of cavity made of brass or copper has been designed and fabricated in house because of no commercially-available cavity. By using the newly constructed cavity, atmosphericpressure helium or argon MIP can be easily obtained under a low power of as high as 200 W. Such low-power MIPs were coupled with the cold-vapor generation method to improve the sensitivity for mercury. This experimental system with helium as a plasma gas gave rise to a absolute sensitivity (detection limit) of 16 pg, corresponding to 8 pg/ml in concentration. 63, 64 In addition, argon MIP-AES with cold-vapor generation was found to be very useful for the determination of mercury. 65 In addition, by taking advantage of the high sensitivity of mercury, an indirect method for the determination of iodine as iodide based on a decrease of mercury emission intensity in acidic solutions due to the interference effect of iodide was examined by atmospheric-pressure helium MIP-AES. Also, a DL of 0.74 ng/ml for iodine was reported. 66, 67 Further, this simple method, coupled with the cold-vapor generation technique, was satisfactorily applied to the determination of iodine in seawater and brine. 68 For the sensitive determination of mercury, a non-dispersive AFS system combined with the cold-vapor technique was fabricated by using different mercury electrodeless discharge lamps as an excitation source, prepared by the vacuum line already described in Fig. 2 and a specially designed atomicfluorescence cell made of quartz. 17 This instrumentation gave rise to a DL of 3 ng/ml for the analysis of waste water.
In order to enhance the sensitivity of mercury, the most effective reductant, tin(II) chloride solution was added to a mercury solution, and the mixture was immediately nebulized into an ICP through a conventional cross-flow nebulizer for AES. 69 The attainable DL for mercury was improved from 79 ng/ml in the untreated solutions to 1.3 ng/ml when tin(II) chloride was added. The present method was successfully applied to the determination of trace concentrations of mercury in several samples of waste water.
2·3 Analyte volatilization reactions
Besides the generation of atomic vapor (cold vapor for mercury) and of hydrides, a number of investigations were also made on other ways to selectively vaporize the analytes and to conduct them free from the mass of the concomitants in the gaseous form into the atomizer. Most of them (i.e., volatile species-forming reactions) are already summarized and depicted in Table 1 . Such an analyte volatilization method is sometimes called the "chemical vapor generation" technique. In this section, the results of the determination of several non-metallic elements (i.e., iodine, bromine, chlorine, sulfur and carbon) by MIP-AES, ICP-AES and ICP-MS carried out in the author's laboratory are described below.
Even now, the direct determination of non-metallic elements in aqueous solutions by analytical atomic spectrometry with conventional solution nebulization in the normal ultraviolet (UV) spectral region has been proven to be very difficult. In general, the most sensitive analytical lines of most non-metals lie in the vacuum ultraviolet (VUV) region of the spectrum below 190 nm. Mostly, atmospheric-pressure helium or argon MIPs are usually operated at a low power of less than 200 W, and thus the analytical results obtained for liquid samples are greatly limited. Taking the two above-mentioned viewpoints into consideration, a simple nitrogen-purged optical system has been newly developed and used for the MIP-AES 70, 71 and ICP-AES 72 in combination with a continuous-flow analyte volatilization technique as a gas-phase sample-introduction method. Here, a schematic diagram of nitrogen-purged optical system for VUV MIP-AES 71 is shown in Fig. 5 . This system permits an extension of the operating range to the VUV spectral region between 170 and 190 nm. For example, some iodine generation reactions from acidic iodide solutions by using several oxidizing agents are as follows:
10I -+ 2BrO3 -+ 12H + → 5I2 + Br2 + 6H2O
6I -+ Cr2O7 2-+ 14H + → 3I2 + 2Cr 3+ + 7H2O
2I -+ 2NO2 -+ 4H + → I2 + 2NO + 2H2O
Such a newly-fabricated instrumentation of MIP-AES coupled with the analyte volatilization reaction has been successfully applied to the determination of iodine in seawater and brine samples with a DL of 2.3 ng/ml at 183.0 nm, 70, 71, [73] [74] [75] bromine in seawater with a DL of 7.46 ng/ml at 470.4 nm [75] [76] [77] and chlorine in water samples with a DL of 6.8 ng/ml at 479.5 nm. 78 Moreover, the selective determination of iodide and iodate in brine water samples as an inorganic speciation of iodine has been carried out. 73 This method is based on the continuous evolution of volatile iodine by the oxidation of iodide with sodium nitrite. The differentiation of iodide and iodate is achieved by the pre-reduction of iodate in samples to iodide with ascorbic acid. In addition to halogens, other reactions than the oxidation reaction could be efficiently used for generating volatile species that can be excited by MIP-AES with a nitrogen-purged optical system. This is, e.g., the case for sulfur, 79 for which sulfide and sulfite ions were transformed by the acidification of sample solutions into H2S and SO2, respectively. The proposed method has been satisfactorily applied to the determination of sulfite in some samples of commercially available wine with a DL of 0.13 ng/ml at a sulfur concentration at 180.3 nm. By using a similar analyte volatilization reaction, carbonate ions were converted to CO2, which were introduced and excited in helium MIP to produce and measure carbon emission at 193.1 nm. 80 The present method was successfully applied to the determination of carbon in several water samples with a DL of 7.9 µg/ml.
In addition, the combination of the analyte vaporization technique with ICP-AES with the nitrogen-purged optical system 72 has been applied to the determination of iodine in several samples of seawater and brine with a DL of 2.0 ng/ml at 183.0 nm. [81] [82] [83] The unique coupling of an inert-gas induction furnace usually used as an IR oxygen/nitrogen gas analyzer with ICP-AES has been proposed for the direct determination of sulfur by the generation of carbon disulfide from solid sulfur. 84 This method was satisfactorily applied to the direct determination of sulfur in some standard reference samples of steel and iron with a DL of 0.16 µg/g at 180.7 nm. The similar technique has been investigated for the determination of zinc in vehicle exhaust particulates with a DL of 10 ng/g at 213.9 nm. 85 The hydrogen sulfide evolution technique with isotope dilution ICP-MS detection was established for the determination of trace amounts of sulfur. 86 Hydrogen sulfide generated by the distillation of a sample solution containing sulfate ions was collected into a sampling bag, as shown in Fig. 6 , and was then conveyed directly into the ICP mass spectrometer. Optimization of all the parameters was accomplished by measuring the intensity ratio of 34 S + to 32 S + and the background intensity of 32 S + and 34 S + . The proposed method has been successfully applied to the determination of trace amounts of sulfur in Japan Iron and Steel Certified Reference Materials and a high-purity iron sample with a DL of 0.2 µg/g.
2·4 Miscellaneous
A rapid and simple technique for the direct determination of 482 ANALYTICAL SCIENCES MAY 2005, VOL. 21 mercury in commercially available fluorescent lamps was developed by using ICP-MS with laser ablation (LA). 87 Using europium (Eu) as an internal element, the ion intensity ratio of 202 Hg/ 153 Eu was measured for constructing a calibration graph for mercury. The detection limit for mercury was found to be 3.6 µg/g in the sample, sufficient to directly determine trace mercury in a given specific part of the fluorescent lamp without any sample-dissolution procedure by this LA/ICP-MS.
Conclusions
Most of the gas-phase sample-introduction techniques developed in this work are of great importance and exceedingly useful to improve the sensitivity of all the analytes determined by analytical atomic spectrometry. However, it should be pointed out that one weakness of the gas-phase sampleintroduction methods is that it is inevitably susceptible, more or less, to chemical interferences from many concomitants in the practical samples. To conclude, here the author would like to present some short comments on the most useful hydride generation techniques. The hydride generation (HG) technique has been recognized for more than 35 years as a valuable sample-derivatization method for the determination of trace elements, such as As, Bi, Ge, Pb, Sb, Se, Sn and Te, whose hydrides are readily volatile. Typical HG techniques include metal-acid reduction, thermochemical generation, electrochemical generation, photoinduced generation and sodium tetrahydroborate(III) reduction. The reduction of an acidified sample solution with aqueous sodium tetrahydroborate(III) is the most commonly used method, due to its ability to reduce multiple hydrideforming elements and for producing volatile analyte products from complex matrixes. The use of HG as a sampleintroduction method in analytical atomic spectrometry has improved the detection limits, as shown in Table 1 , the most favorable sensitivity being obtained with ICP-MS detection. Due to the advantages of this technique, it has been successfully applied when analytical separation methods, such as highperformance liquid chromatography (HPLC) or capillary electrophoresis (CE), are coupled to element-specific detectors, such as analytical atomic spectrometry, i.e., AAS, AES and AFS including ICP-MS. It must be stressed that as a result of the ease of usage, HPLC is reported to be the most popular analytical separation technique used in combination with hydride generation for elemental speciation, which will become ever-more important in many fields of analytical chemistry in the near future. ANALYTICAL SCIENCES MAY 2005, VOL. 21 
